randil treatment group. The control group consisted of 16 patients (14 men, 2 women; age range, 39-76 years; mean age, 66±10 years), and the nicorandil group consisted of 16 patients (13 men, 3 women; age range, 50-84 years; mean age, 67±8 years). All drugs, including antianginal medications, were continued until coronary angioplasty. Aspirin (100 mg/day) and ticlopidine (200 mg/day) were administered to all patients for at least 24 h before angioplasty. All patients underwent diagnostic coronary angiography, including angiographic collateral assessment using a right radial approach. After injection of 2.5 mg of isosorbide dinitrate into the left and right coronary arteries, coronary angiograms were obtained using nonionic contrast medium. Coronary angioplasty was performed by a standard technique using a right radial approach. After placement of a 6Fr guiding catheter and injection of 10,000 IU of heparin, the 0.014-inch pressure monitoring guidewire (Pressure Wire; RADI Medical Systems, Uppsala, Sweden) was positioned distal to the stenosis to be dilated. The nicorandil group then received an intravevous infusion of 100 g/kg of nicorandil dissolved in 20 ml of 0.9% saline over 1 min. The control group received an equivalent volume of 0.9% saline. Five minutes after the infusion of either nicorandil or saline, the balloon catheter was placed across the lesion and inflated. Balloon size was selected based on diameters of normal regions of the coronary artery adjacent to the stenosis. All patients underwent three 2-min balloon inflations separated by a 5-min interval (Fig 1) . Balloon pressure during 3 inflations was identical with nominal pressure.
During each interval between inflations, the balloon was withdrawn into the guiding catheter, leaving the pressure guidewire in place across the lesion. The aortic pressure measured via the guiding catheter, distal coronary artery pressure, including coronary wedge pressure during balloon inflation, heart rate, and the surface ECG were monitored continuously throughout the procedure. Decisions regarding additional inflations or stent implantation were based on coronary angiographic findings after the third inflation.
ECG Analysis
The standard surface 12-lead ECG was continuously monitored and simultaneously recorded throughout the procedure (Cardio Lab System; Prucka Engineering Inc, Sugar Land, TX, USA). All recorded data were stored on an optical disk. ST-segment elevation from baseline was measured from ECG recordings 80 ms after the J point at the end of each balloon inflation. The maximum ST-segment elevation (∆STmax) and the sum of ST-segment elevations in all leads (ΣST) were determined and expressed in millimeters (1 mm = 0.1 mV). All ECG measurements were performed by a cardiologist who was blind to the study protocol.
Assessment of Chest Pain
At the beginning of coronary angioplasty, patients were informed that chest pain might worsen during balloon inflation. At the end of each balloon inflation, the intensity of anginal pain was assessed using a visual analog scale. 18 Patients were asked to place a mark on a scale of 10 ranging from no pain (0) to the most severe pain ever experienced (10) .
Assessment of Coronary Collaterals
A pressure monitoring guidewire was used to assess the effect of angiographically invisible collateral recruitment during balloon inflation. The collateral flow index (CFI) was calculated as the ratio of the mean coronary wedge pressure to the mean aortic pressure. 19 Higher ratios indicate more fully developed collateral recruitment in the ischemic myocardium. The CFI was determined at the end of each balloon inflation.
Statistical Analysis
All data were reported as mean value ± SD. One-factor repeated measures analysis of variance (ANOVA) followed by Fisher's test was used for intragroup comparison of the 3 inflations. Student's unpaired t-test was used to compare the 2 groups at various time points. A p value <0.05 was considered statistically significant. 
Results
There were no significant differences in clinical features between the control and nicorandil-treated patients (Table1). Mean blood pressure decreased and heart rate increased immediately after the intravenous infusion of nicorandil, but returned to baseline before the first inflation (data not shown). Intravenous infusion of 100 g/kg of nicorandil for 1 min did not cause other adverse effects.
Coronary Angioplasty
Three 2-min balloon inflations separated by a 5-min interval were performed successfully in all 32 patients (residual stenosis <50%). The average balloon size was 2.6±0.3 mm in the control group and 2.8±0.6 mm in the nicorandil group (p=NS). Heart rate and arterial blood pressure were similar in the 2 groups during the 3 inflations (data not shown). Stent implantation was performed in 6 patients of the control group and in 8 patients of the nicorandil group.
ST-Segment Shift
Electrocardiographic data are shown in Tables 2 and 3 . ST-segment elevation during balloon inflation was exhibited in 14 patients of the control group and in 13 patients of the nicorandil group. Elevation was similar during the 3 sequential inflations in 1 patient of the control group and in 1 patient of the nicorandil group, but did not increase in any patient of either group. The ∆STmax and ΣST were highest at the end of balloon inflation during each of the 3 inflations in both groups. The ∆STmax was greater during the first inflation than during the second and third inflations in both the control (3.3±2.1 vs 3.0±1.9 and 2.6±1.8 mm, respectively) and nicorandil groups (1.9±1.3 vs 1.6±1.3 and 1.5±1.4 mm, respectively) (Fig 2) . The ΣST was also greater during the first inflation than during the second and third inflations in both the control (9.7±7.2 vs 8.5±6.1 and 6.9±5.3 mm, respectively) and nicorandil groups (4.8±3.9 vs 3.8±3.5 and 3.4±3.3 mm, respectively) (Fig 3) . Both the ∆STmax and ΣST were smaller in the nicorandil group than in the control group during each inflation (Figs 2, 3 ).
Chest Pain Score
Chest pain during balloon inflation was observed in 14 patients of the control group and in 12 patients of the nicorandil group. Pain was similar during the 3 sequential inflations in 3 patients of the control group and in 2 patients of the nicorandil group, but did not worsen in any patient of either group. The chest pain score was higher during the first inflation than during the second and third inflations in both the control (4.3±3.1 vs 2.8±2.6 and 1.4±1.5, respectively) and nicorandil groups (2.2±2.1 vs 1.2±2.1 and 0.8± 1.4, respectively) (Fig 4) . The chest pain score was lower in the nicorandil group than in the control group during the first inflation (Fig 4) .
Collateral Flow Index
The pressure guidewire remained across the lesion in all patients and intracoronary pressure measurements were completed successfully. In the control group, the CFI was 0.16±0.10, 0.15±0.10, and 0.15±0.10 during the first, second, and third inflations, respectively. In the nicorandil group, it was 0.17±0.10, 0.18±0.13, and 0.17±0.10 during the first, second, and third inflations, respectively. The CFI did not change during the 3 sequential inflations in either group and was similar in the 2 groups during each inflation (Fig 5) , indicating that collateral recruitment did not develop during the series of balloon inflations in either group. In addition, the individual values of CFI were insufficient for collateral recruitment during balloon inflation to contribute to myocardial tolerance to ischemia.
Discussion
This is the first report to demonstrate the relationship between nicorandil-induced preconditioning during coronary angioplasty and coronary collateral function. The present results indicate that electrocardiographic and clinical responses to repeated balloon inflations during coronary angioplasty in patients who were pretreated with intravenous nicorandil resulted from pharmacological preconditioning not involving collateral recruitment.
Ischemic preconditioning initially referred to the ability of short periods of ischemia to limit infarct size in animal experimental models. 3 In humans, it is difficult to design the strict conditions of experimental studies on preconditioning in which infarct size is the end-point. Coronary angioplasty in patients with stable AP represents an opportunity for clinically investigating the mechanisms and manifestations of preconditioning. Two or 3 cycles of a 90-to 120-s balloon ischemia followed by a 3-to 5-min interval have been used for this purpose in a number of previous studies. [4] [5] [6] [8] [9] [10] [11] 13, 14, 20, 21 Accordingly, we adopted a preconditioning protocol of 3 sequential 2-min balloon inflations separated by a 5-min interval.
The cardioprotective effects of nicorandil have been the subject of several clinical studies. 12,13,22-26 The administra- tion of nicorandil suppresses ST-segment elevation, 12 an index of myocardial ischemia, lactate production, 13 reflecting the metabolic changes of preconditioning, and the increase in QT dispersion, 22 reflecting the electrophysiological changes of preconditioning, during coronary angioplasty in patients with stable AP. Anti-ischemic effects of nicorandil in patients with unstable AP, 23 and improvement in the functional and clinical outcomes of patients with acute myocardial infarction undergoing reperfusion therapy with adjunctive nicorandil therapy 24-26 also have been reported. Moreover, a recent report from an animal model demonstrated that nicorandil suppresses norepinephrine release from the cardiac sympathetic nerve terminals during myocardial ischemia, suggesting that nicorandil-induced preconditioning attenuates sympathetic nerve injury. 27 These cardioprotective effects of nicorandil are believed to be attributable to its ATP-sensitive potassium channel opening action rather than its nitrate effect. Matsubara et al reported that the administration of isosorbide dinitrate does not suppress ST-segment elevation during coronary angioplasty. 12 Therefore, intracoronary administration of isosorbide dinitrate before angioplasty was not thought to influence the preconditioning effect of nicorandil in this study. However, a recent study reported that nitroglycerin, an NO-releasing agent, elicits a late preconditioning effect clinically. 14 Because collateral recruitment can occur during coronary angioplasty, 28,29 the adaptation to ischemia during repeated balloon inflations may result from progressive collateral recruitment, as well as the preconditioning response. Van Liebergen et al reported the relationship between the presence of angiographically identifiable collateral vessels during balloon inflation and the coronary wedge/aortic pressure ratio (Pw/Pao). 30 The Pw/Pao in their study was 0.24±0.08 in patients without collateral vessels, 0.33±0.12 in patients with recruitable collateral vessels, and 0.45±0.11 in patients with spontaneously visible collateral vessels. They concluded that the Pw/Pao is a better marker of the functional significance of collateral vessels than the angiographic findings. Seiler et al also reported that intracoronary pressure measurements using a pressure guidewire during angioplasty can detect well-developed collaterals more accurately than traditional methods, such as ST-segment changes, chest pain, and angiographic findings. 31 Thus, the use of a pressure guidewire is a valid method for detecting collateral recruitment during balloon inflation. Recent studies concerning the preconditioning effect during coronary angioplasty have also used a pressure guidewire to assess coronary collateral function. 14, 20 The absence of a change in the CFI in either group in the present study shows that collateral recruitment was functionally insignificant during 3 sequential balloon inflations. That is, both ischemic preconditioning and pharmacological preconditioning were independent of collateral recruitment.
Birincioglu et al found that the mitochondrial ATP-sensitive potassium channel protects the myocardium, whereas the sarcolemmal channel is responsible for changes in STsegment elevation, and they concluded that changes in STsegment elevation therefore do not necessarily reflect the state of myocardial protection. 32 However, the magnitude of the change in the ST-segment has been frequently used as an index of myocardial ischemia in studies of preconditioning during angioplasty. [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [20] [21] [22] In addition, it has been shown that the change in the ST-segment correlates with metabolic and contractile parameters of myocardial ischemia during coronary angioplasty. 11, 21 Two conflicting results have been reported in studies of patients treated with nicorandil. Matsubara et al reported that intravenous nicorandil suppresses ST-segment elevation during coronary angioplasty, suggesting a pharmacological preconditioning effect, 12 but Yasuda et al reported that nicorandil improves lactate metabolism during angioplasty without significantly affecting ST-segment elevation. 13 Our data are consistent with the former. In any event, some degree of caution may be needed in interpreting the ST-segment changes.
Quantification of subjective chest pain presents difficulties and is affected by a number of biases. Nevertheless, many studies of the preconditioning effect during angioplasty have assessed the intensity of chest pain using a visual analog scale (0-10 or 0-100). 4, 6, [8] [9] [10] [11] 14, 20, 21 Accordingly, we also used a visual analog scale to assess chest pain. The chest pain score decreased progressively with the repeated balloon inflations in both groups, suggesting that ischemic preconditioning had occurred. However, the chest pain score during the first inflation was lower in the nicorandil group than in the control group, suggesting that the suppression of chest pain was the result of pharmacological preconditioning.
The ∆STmax and ΣST during the first inflation in the nicorandil group were smaller than during the third inflation in the control group, and the chest pain score during the first inflation in the nicorandil group was lower than during the second inflation in the control group. These data suggest that nicorandil-induced preconditioning may be superior to ischemic preconditioning.
The ∆STmax, ΣST, and chest pain score in the nicorandil group decreased progressively during the 3 sequential balloon inflations, suggesting the superimposition of ischemic preconditioning. That is, the myocardium had not been maximally preconditioned by nicorandil alone. Matsubara et al administered 80 g/kg of nicorandil intravenously, and ST-segment elevation was suppressed only during the first half of the subsequent 2-min balloon inflation. 12 The present study used 100 g/kg of intravenous nicorandil, which suppressed ST-segment elevation throughout each of the 3 inflations. Yasuda et al administered an intravenous bolus injection of 2 mg nicorandil followed by at least 1 h of continuous infusion (6 mg/h) prior to coronary angioplasty, suggesting a preconditioning effect of nicorandil. 13 Although it is unknown whether the myocardium can be maximally preconditioned by nicorandil alone, there still appears to be room for consideration about the amount or mode of administration of nicorandil to elicit pharmacological preconditioning.
Study Limitations
First, the stenotic lesion was located in one of the 3 major coronary arteries, so potential differences in ST-segment changes and chest pain related to the specific site were not considered. A study limited to patients whose stenotic lesion is located within the proximal left anterior descending coronary artery may be preferable. However, recent studies concerning the angioplasty model of preconditioning do not necessarily follow such selection criteria. 10, 11, 14, 20 The ischemic area associated with balloon occlusion of the left anterior descending coronary artery also may vary. Second, because coronary angiography was not performed during the first and second 5-min intervals, whether similar dilatation was achieved during the 3 intervals is unknown. A slight difference in stenosis severity may influence the Circulation Journal Vol.66, April 2002 preconditioning effect. Third, study patients had a variety of coronary risk factors, such as hypertension and diabetes mellitus, and their medical therapy was not uniform, so these variables may have affected our results. [33] [34] [35] [36] [37] In conclusion, pretreatment with intravenous nicorandil enhances myocardial tolerance to ischemia during coronary angioplasty in patients with stable AP. This pharmacological preconditioning is comparable to ischemic preconditioning and is not accompanied by progressive collateral recruitment.
